Abstract-This paper describes the design and realization of novel tactile sensors based on soft materials and magnetic sensing. In particular, the goal was to realize: 1) soft; 2) robust; 3) small; and 4) low-cost sensors that can be easily fabricated and integrated on robotic devices that interact with the environment. We targeted a number of desired features, the most important being: 1) high sensitivity; 2) low hysteresis; and 3) repeatability. The sensor consists of a silicone body in which a small magnet is immersed; an Hall-effect sensor placed below the silicone body measures the magnetic field generated by the magnet, which changes when the magnet is displaced due to an applied external pressure. Two different versions of the sensor have been manufactured, characterized, and mounted on an anthropomorphic robotic hand. Experiments, in which the hand interacts with real-world objects, are reported.
In order to cope with this increasingly pressing demand, over the past thirty years many tactile sensors have been proposed (see [7] for an extensive review, up to the year 2010). Even just during the last five years, a considerable number of solutions have been proposed, employing many different technologies: capacitive [8] [9] [10] [11] , optical [12] , [13] , piezoresistive [14] [15] [16] (see [17] for a recent review), piezoelectric [18] [19] [20] , ultrasonic [21] , magnetic [22] [23] [24] , nanoparticles [25] , carbon nanotubes [26] , [27] , conductive liquids [28] [29] [30] , conductive polymers [31] and tunnel effect [32] .
Unfortunately, only a few of these technologies have been tested in actual robots, and therefore it is not easy to evaluate to what extent the data extracted from these sensors is useful for robotic applications. In particular, anthropomorphic robotic hands present additional constraints that have to be met in terms of size, weight and complexity (i.e. number of wires and connections) of the sensors: the hand dexterity should not be affected. Example of sensors that have been successfully integrated in anthropomorphic robotic hands and used in real world experiments are in [8] and [24] .
A few companies have also started to produce tactile sensors for robotic applications, for example the FlexiForce from Tekscan [33] , the 3D Force Sensor from OptoForce [34] , the QTC sensors from Peratech [35] and the BioTac fingertip from Syntouch [36] . However, the price of these devices is still relatively high, and the sensor performance is not always sufficient for the desired task.
In this paper we describe the design, development and realization of a novel tactile sensor that is particularly suited for sensorizing an anthropomorphic robotic hand. The sensor main body is made of a silicone elastomer, which offers a good balance between softness and robustness; moreover, we show that mechanical hysteresis is very limited. The transduction technology is magnetic; together with the physical properties of the silicone, this solution provides high sensitivity of the measurement. The components of the sensor are small, cheap and easily retrievable; we describe in detail how the sensors can be fabricated, mounted (in our case, on a multi-fingered robot hand) and tested. Additionally, we report robotic experiments in which the sensors have been successfully used to detect contacts in different tasks.
Initial prototypes of the sensors have been presented in a previous paper [37] ; here we report their full characterization, that has been performed only recently, and we describe their fabrication in more detail.
The rest of the paper is organized as follows. In Section II we outline the structure of the sensor, and in Section III we present the characterization of the output. Then, in Section IV we introduce the humanoid robot that we equipped with the developed sensors, and in Section V we report real world experiments. Finally, in Section VI we draw our conclusions and sketch the future work.
II. SENSOR STRUCTURE
The sensor consists of three main parts: a soft body, a magnet and a Hall-effect sensor. The basic structure and working principle is depicted in Fig. 2 . A small magnet is immersed in the soft body, which lies over the Hall-effect sensor. The Hall-effect sensor measures the magnetic field generated by the magnet: the intensity of this magnetic field around the sensor is proportional to the distance between the magnet and the sensor. When pressure is applied on the external side of the soft body the magnet is displaced toward the sensor, and the intensity of the magnetic field measured by the sensor increases. The opposite happens when the pressure is released.
The idea of using Hall-effect sensors and magnets to measure a tactile response was originally proposed in [38] and [39] , where only preliminary prototypes were presented, and then not investigated anymore until recently [23] , [24] , [37] , [40] . The work in [23] proposes a design which is very similar to the one we present; however, the sensor is still at a prototype stage, it is not integrated on a robot hand or other similar devices, and no dynamic characterization is reported, therefore if is not easy to evaluate the quality of the measurements, especially in terms of the sensor hysteresis. The work described in [24] and [40] is instead more mature, and it has been successfully applied to real robotic scenarios; however, even if many simulation analysis are presented, also this work lacks a complete characterization of the real sensor (no dynamic, no repeatability, no hysteresis). Moreover, the design they propose (with four Hall Effect sensors) imposes constraints on the minimum size of the whole system, and the minimum detectable force seems to be considerably higher then our sensor (by a factor of ten). Since our goal was to install the sensors on an anthropomorphic robotic hand, size constraints were imposing the use of small components. As Hall-effect sensor we use a Miniature Ratiometric Linear Hall Effect Sensor (Honeywell SS490 Series, see right side of Fig. 3 ). As permanent magnet we choose a cylindrical one with 2mm diameter and a height of 1.5mm (see left side of Fig. 3 , near to a 1 euro cent coin); after some initial testing, we choose a magnet of grade N35 (the maximum energy product B · H max is 35 megagauss oersteds). The characteristic curve of the Hall-effect sensor (as a function of the vertical distance from the magnet) has been obtained by measuring the analog output of the sensor at different distances from the magnet (see Fig. 4) ; the sensor was powered with 5 volts, providing an output between 2.5 and 5 volts. As for the silicone, after having tried a few alternatives we decided for the SYLGARD 186 from Dow Corning [41] . It is a two-part elastomer: two viscous components (base and curing agent) are mixed together at room temperature, and then cured at increasing temperatures to finally obtain the solid-state silicone part (more details will be given later in this Section). While the product datasheet suggests a 1:10 ratio between the two components, we were testing different ratios in order to obtain the desired elasticity and robustness of the solid-state silicone, and we eventually used a ratio of 1:8 for the final versions of our sensors. Noticeably, in order to improve the sensitivity of the sensor, we decided to insert a small air gap between the bottom of the silicone shell and the Hall-effect sensor (as sketched in Fig. 2 ), instead of directly placing the silicone in contact with the Hall-effect sensor.
After investigating a number of prototypes, the final outcome of the design procedure are two different models of the sensor, that are meant to be mounted on different parts of the robot hand: the fingertip model and the phalangeal model (see left and right images in Fig. 5 ).
The fingertip models are mounted on the hand fingertips, and each of them presents two sensing elements (i.e. two magnets and two Hall-effect sensors): one on the tip of the finger, the other on the finger pad. The design of the geometric and elastic properties of the silicone shell allowed to minimize the cross-talk between the two sensing elements; indeed, crosstalk is absent for stimuli (i.e. normal force applied) up to 3N. The silicone shell has no electric connection with the fingertip, and it can be easily installed and removed just by pushing and pulling (only adding a bit of sealing silicone after it is installed): this is an important aspect for the maintenance of the sensor, since the part that directly contacts the environment can get damaged more easily.
The phalangeal models are mounted on the internal sides of the fingers, and each of them has one sensing element. This model is smaller in size and weight, and easier to fabricate; it has been designed to be extremely sensitive, at the cost of allowing measurements in a smaller range with respect to the fingertip model. Also in this model, an air gap separates the magnet and the Hall Effect sensor.
We designed two different metallic molds to fabricate the silicone shells needed for the sensors (see Fig. 6 ); the fabrication procedure is the same for both sensor models. Two different covers for each mold can be seen in the figures: cover A, with little cylindrical bulges to produce suitable holes for the magnets, and cover B, with rabbets on some edges to create the already mentioned air gaps. Even if in our case the molds are metallic, and have been realized with a CNC (Computer Numerically Controlled) milling machine, they can also be realized in plastic with (nowadays widely available) 3D printing technology.
Molds are first filled with some viscous silicone (mixture of the two parts, base and curing agent), covered with It should be noted that curing at increasing temperature it is not strictly needed, as it simply reduces the curing time: the whole procedure can be done at room temperature as well. Afterward, magnets are inserted, some more silicone is poured, and molds are covered with cover B and left curing again. When ready, silicone parts are fixed on the fingers with a sealing silicone (for securing them in place), on top of the Hall effect sensors previously glued in the desired positions.
III. CHARACTERIZATION OF THE SENSORS
In this section we report the measurements that we performed to characterize the output of the different models of the sensor. Data was acquired using a measurement setup that includes i) a Cartesian robot (IAI Table Top TT robot), ii) a force/torque (F/T) sensor (ATI nano 17) mounted on the robot end-effector, and iii) a data acquisition board (NI DAQ USB-6008) to read the Hall-effect sensors signals. A cylindrical probe, with a flat end surface of about 10mm 2 area, was attached to the robot end-effector to stimulate the sensor. The setup was used in previous work [8] . The Hall-effect sensors are powered with 5 volts power supply, and produce output signals that do not need to be further amplified; an offset (i.e. zero of the sensor) is computed in the beginning of the measurements, when no contact is present, and subtracted from the sensor signal, so that the sensor reads zero when there is no contact. Fig. 7 shows the setup during one of the test sessions; the sensors have been tested while mounted on the robot finger.
A. Fingertip Model
We report here the characterization of the fingertip model. All the plots in this section are related to one of the sensing elements of the fingertip model (i.e. the one placed on the internal side of the fingerpad); the plots related to the other sensing element (i.e. the one placed on the top of the fingertip) are very similar and therefore not shown here. Measurement setup used to characterize the sensors output: a Cartesian robot whose probe (i.e., end-effector) is instrumented with a F/T sensor. In the bottom of the image the robot finger equipped with the tactile sensors is shown. 4N ; indeed, this is the range we expect to deal with when using our robot hand for manipulation, considering the actuation limits of the robot fingers, and it is also the typical range of both normal and tangential forces experienced by humans during daily manipulation [42] . The interpolated data points (blue solid line) are compared to a reference linear interpolation (thick green dashed line) made of two distinct segments, one between 0N and 2N, and another one between 2N and 3N. A different linear interpolation (thin red dashed line), composed of a single interpolant segment (from 0N to 3N), is also shown for reference. The sensor output saturates for loads higher than 4N, when the magnet is at the minimum distance from the Hall-effect sensor; higher loads further compress the silicone layer above the magnet, which absorbs the applied force limiting potential damages to the rest of the structure (i.e. compliant behaviour).
The minimum detectable force is 0.05N, with a voltage output of 0.01V (after filtering the measurement, the maximum noise is 0.002V ); given that the force is applied on an area of about 10mm 2 , this results in a pressure of about 5k Pa.
The plots in Fig. 9 and Fig. 10 depict the dynamic behavior of the sensor. Two different experiments have been performed. In the first one (Fig. 9 ) the sensor was stimulated with forces of increasing intensity; each stimulation was lasting about 20 seconds, with an interval of about 20 seconds between each stimulation. In the second experiment (Fig. 10 ) the sensor was stimulated at a much faster rate, with the same applied force (1.4N at steady state); each stimulation was lasting about 0.5 seconds, with an interval of about 0.5 seconds between each stimulation (note that the stimulation is sometimes a bit longer, due to the control limitations of the Cartesian robot at high speeds). In both figures, the top image plots the normal force measured by the F/T sensor (i.e. the force applied on the sensor), the middle image plots the raw output of the Hall-effect sensor, and the bottom image plots the filtered output. We used a Savitzky-Golay filter [43] to smooth the sensor output. It can be noticed from this set of plots that the mechanical hysteresis is very low: the sensor reads the applied forces correctly, and quickly returns to a null output as soon as the applied force is removed. Moreover, the sensor response is almost instantaneous (less than 20ms). This dynamic tests also show an interesting phenomenon that is related to the soft properties of the silicone shell: the force measured by the F/T sensor has an initial transient, before reaching a quasisteady level. This happens because, soon after the contact, part of the impact force is dissipated into the elastic body of the silicone. This passive compliance shown by our sensors make them particularly suited for operating in unknown and unstructured environments, where unexpected impacts may damage the sensor and/or the external environment if no compliant behavior is present.
B. Phalangeal Model
We report here the characterization of the phalangeal model. The meaning of the plots (Fig. 11, Fig. 12 and Fig. 13 ) is the same as for the fingertip model. For the phalangeal model we target a higher sensitivity, at the cost of a slightly smaller range of measurements, in this case between 0N and about 2N. The sensor output saturates for loads higher than 3N. The minimum detectable force is 0.01N, with a voltage output of 0.002V (after filtering the measurement, the maximum noise is 0.001V ); given that the force is applied on an area of about 10mm 2 , this results in a pressure of about 1k Pa.
The results show that the general considerations we made for the fingertip model (i.e. low mechanical hysteresis, fast response, compliant behavior) are applicable to the phalangeal model as well. 
IV. THE HUMANOID PLATFORM
The sensors described in this paper have been designed and developed in order to sensorize the robotic hand (see Fig. 1 ) of James, a 22 DOFs upper body humanoid. The robot has been designed taking in consideration a scenario of object manipulation in real unstructured environments, and therefore a great deal of attention was put into the design of an highly anthropomorphic hand, tactile and force sensing, and an intrinsically compliant actuation system. Specifically, the compliance is obtained by using plastic belts and stainless-steel tendons to transmit torques from motors to joints; moreover, springs have been employed in critical locations, both along the tendons (to increase their elasticity) and as structural parts, as for example in the neck (see [44] [45] [46] for a detailed description of the neck structure, sensorization and control).
The hand has five fingers. Each of them has three joints (flexion/extension of the distal, middle and proximal phalanxes). Two additional degrees of freedom are represented by the thumb opposition and by the coordinated abduction/adduction of four fingers (index, middle, ring, and little finger). Therefore, the hand has a total of 17 joints, actuated by motors located in the arm (the torque transmission is obtained through stainless-steel tendons). A more detailed description of the robot can be found in [37] .
A. Installation of the Sensors
The robot hand has been equipped with five fingertip sensors, one for each finger, and seven phalangeal sensors, two on the thumb, ring finger and middle finger, and one on the index finger (see Fig. 1 ); in total, 17 tactile sensing elements are present on the hand. This was the maximum number of sensing elements allowed, due to the limitations in the available ADC channels in the acquisition board. The 17 Hall-effect sensors are connected to an acquisition board mounted on the hand back, that is interfaced to a CAN communication bus that routes all the sensor and motor signals of the robot. The acquisition board is based on a PIC18F448 microcontroller, an ADC (analog-to-digital converter) and multiplexer, and a connector that receives the signals and provides the 5 Volt DC power supply to the sensors. The same board receives also the signals of the proprioceptive sensors of the hand (i.e. measurements of the joint angles of the fingers), that are also realized using Hall-effect sensors; in total, 40 wires are connected to the board through the connector. To connect all these sensors in such a little space, with a reasonable resiliency (required because of the constant interaction of the hand with the external environment), we have chosen a very thin stainless-steel cable, coated in Teflon, with a 0.23 mm external diameter. Moreover, in order to further increase system robustness, cables are grouped into silicone catheters along their route between different sensors and toward the acquisition board (as it can be seen in Fig. 1 , for example along the thumb).
V. EXPERIMENTS
We briefly report here two previously published experiments that were performed using the sensors presented in this paper, mounted on the robot hand. In the first experiment (Section V-A) we show how the high sensitivity of the sensors can be exploited to control the interaction of the robot hand with the environment. Then, in the second experiment (Section V-B) we demonstrate how the sensors can provide important information about grasped object, in particular about properties that cannot be extracted through vision (e.g. softness). 
A. Withdrawal Reflex of the Robot Wrist
We consider here a reaching movement during which the hand accidentally contacts an obstacle that has to be avoided: to achieve this, the robot bends the wrist trying to cancel the tactile stimulation (i.e. to eliminate the contact), realizing a sort of withdrawal reflex.
The robot hand contacts a static obstacle during an arm movement performed at the average speed of about 0.5m/s, generating contact forces up to 2N on the different fingers (see Fig. 14) . The top image in Fig. 14 depicts the wrist pitch joint trajectory during this motion, elicited by the tactile sensors stimulations shown in the bottom image of Fig. 14 . It can be noticed that four tactile elements are stimulated in sequence: the first is the phalangeal-sensor of the index finger, the second and third are the phalangeal-sensors of the middle finger and the last one is the fingertip-sensor of the middle finger. This indicates that the hand slithered on the obstacle during the motion. During the interaction the wrist is controlled with a velocity proportional to the intensity of the (overall) tactile stimulation. When there is no contact, wrist position is restored to zero with a proportional controller. More details can be found in [47] .
B. Classification of Grasped Objects
We present here one result from [37] that shows the importance of tactile sensors for classifying grasped objects. We trained two Self Organizing Maps (SOMs), with different sensory data: one with proprioceptive data (i.e. positions of the hand joints) and the other with both proprioceptive and tactile data. The images in Fig. 15 show a classification test done on two objects that have similar shape but different softness: a plastic bottle and a woolen scarf wrapped in a cylindrical shape. Interestingly, while the SOM in the top image (the one without tactile data) clusters the two objects in the same class, the bottom SOM is able to correctly separate the two objects.
VI. CONCLUSION AND FUTURE WORK We reported the design, realization and experimental characterization of a novel tactile sensor based on magnetic sensing, particularly suited for robotic applications. To build the main structure of the sensor we use a silicone elastomer that offers an optimized balance between robustness and softness. We realized two versions of the sensor to sensorize a multifingered robotic hand. The components employed are cheap and easily retrievable, and the fabrication of the sensors does not require any special machine. Therefore, it is easy for researchers to realize their own sensors based on the proposed idea, and following the guidelines we reported: we believe that this is an important contribution to the scientific community, especially for roboticists.
The realized sensors measure the normal component of the applied force, with high sensitivity, low hysteresis and good repeatability. In particular, the minimum sensed force is 0.05N for the fingertip model, and 0.01N for the phalangeal model; to the best of our knowledge, these values correspond to the state of the art for tactile sensors that have been successfully integrated in robotic hands. This has been achieved through careful design choices, both in terms of mechanical properties of the silicone elastomer (that can be optimized by modifying the ratio between base and curing agents) and in terms of design of the whole structure (e.g. inclusion of the air gap between the bottom part of the silicone layer and the Hall-effect sensor).
We report real world experiments showing two possible robotic applications: tactile-based obstacle avoidance and haptic classification of grasped objects. This is a further proof that the sensors are mechanically robust and can be used in real tasks. In the versions proposed here, the sensor measures only the normal component of the applied force (1-D measurement). However, a full 3-D measure of the applied force can be obtained by replacing the 1-D Hall Effect sensor that we currently employ with a 3-D Hall Effect sensor (an idea investigated in [23] ). Moreover, the proposed versions have either one or two sensing elements each: further engineering of the sensor structure may lead to versions with multiple sensing elements. This has been initially suggested in [39] , even if no details were provided. These are the two main lines we plan for the future development of this technology.
